The fixed orthodontic appliance consists of brackets that are bonded to the teeth. When 
Introduction
Dental braces ixed dental braces ( Fig. 1) are designed to correct the false branched teeth. They are composed of brackets attached to the teeth and the wire is usually made of NiTi shape memory alloy. The wire has a feature which links it to the teeth so that it always acts with a force. Optimal forces and torques move the teeth depending on the tooth type and the tooth direction and they are usually between 0.1-2 N and 1-50 Nmm. Insufficient forces and torques are ineffective and may extend the treatment duration. Conversely, excessive forces and torques can lead to severe pain, or periodontal damage and large root resorption (Profitt, 2007) . For these reasons, it is necessary to know which forces are caused by individual wires. The force measurement of teeth began with the introduction of dental braces. In the beginning, measured procedures were more simple and imprecise. In recent years, the numbers of experimental devices that measure the forces and torques in three dimensions have grown. In the last five years, research has been conducted in this area that was focused on accurate measurement of the forces on the teeth as a result of the action of orthodontic wires. For these purposes, some "real" experiments have also been made to determine these forces.
Orthodontic wire
Orthodontic wires are usually made of the NiTi. These materials belong to a group of shape memory materials which are among the group known as functional materials. The first observation of the sha-F pe memory behaviour of materials goes back to 1932, when Swedish researcher Arne Ölander first noticed this phenomenon on a sample of gold and cadmium (Au-Cd). In 1962, William J. Buehler and his colleagues in the "Naval Ordnance Laboratory" observed the shape memory effect in the alloy of nickel and titanium. This alloy was named NiTiNOL (Nickel-Titanium Naval Ordnance Laboratory) (Lagoudas, 2008) .
The use of NiTiNOL wire in orthodontics was introduced by Andreasen in 1971 and is now used increasingly because of its unique elastic properties (Their, et al, 2004, pp. 229-233) . The main advantage of NiTi orthodontic wires compared to conventional (e.g. stainless steel) is their ability to deliver constant stress to push the teeth into the proper position. This property makes this product much more efficient, thus reducing the length of orthodontic treatment for patients. The level of stress in the wire can be controlled through their chemical composition and its thermo-mechanical history. It can also control the geometrical dimensions, as is the case with conventional wires (Coluzzi et al, 1996, pp. 197-205) .
Properties of NiTi orthodontic wires
The reasons why the shape memory alloy NiTi was implemented in medicine or orthodontic treatment are the following: they have an excellent memory properties, excellent mechanical properties, good corrosion resistance and excellent biocompatibility. The most important characteristics for orthodontic application of NiTi alloys are super-elasticity and biocompatibility. These two properties are described below (Profitt, 2007) .
Superelasticity
Orthodontic wires use a special property of the NiTi memory alloy and this is super-elasticity. Super-elasticity is referred to as a reversible martensitic transformation, which is caused due the change in stress or stress state. A sufficiently large load causes the transformation of austenite into martensite (Fig. 2) . Unloading returns the transformation of the austenite and the original shape (Lagoudas, 2008) . 
Biocompatibility
The generally accepted definition of biocompatibility is very complicated. Williams (1988) described biocompatibility as ''the ability of a material to perform with appropriate host response in a specific application''. This definition covers the fact that there are many possible interactions between biomaterial and the host, and it does not focus solely on toxicity or injurious effects to the host system. A more concrete definition was proposed in 1998 by Wintermantel, who defined biocompatibility as the structural and surface compatibility between a technical and a biological system, where the structural part is governed by the mechanical properties, and the surface compatibility by the biomaterial superficial physical, chemical, biological and morphological properties. Today, it is necessary to evaluate biocompatibility in accordance with the relevant Standard. Considering the multitude of new advanced materials and devices, a general Standard has been adopted. Using these guidelines, the Standard allows easier comparison of results, while allowing flexibility for individual purposes/needs (Es-Souni, et al, 2004, pp. 557-567) . NiTi alloys have a high degree of biocompatibility. In the oxidation reaction of titanium, a surface layer of harmless TiO 2 is formed surrounding the sample.This layer has the high corrosion resistance of titanium alloy and is generally harmless to the human body. Because of the biocompatibility and good mechanical properties of NiTi alloys, there are many opportunities to develop and improve products for application in biomedicine (Auricchio, Massarotti) .
General principles of force activity Fig. 3 shows the procedure of treatment, respectively tooth movement in the proper position by means of force; Fig. 3a shows a settlement of teeth in the arch, while Fig. 3b shows the settlement of teeth in the plane of the teeth. On this basis, it will be necessary to determine the most optimal wire that does not cause excessive and not too small a stress to the periodontal ligament (PDL).The level of stress in the wire will be controlled through its chemical composition and thermo-mechanical history, as well as geometric dimensions (Lagoudas, 2008) .The accuracy of the results will be verified by experiments on a model, where we will measure the actual forces and torques. The purpose of our study is to measure the forces generated by different superelasticity NiTi wires. Fig. 4 shows the direction of the forces on the tooth (Ferčec, et al, 2012) . State of the art
In the last five years, research has been conducted in this area, focusing on accurate measurement of the forces on the teeth as a result of the action of orthodontic wires. For these purposes, some "real" experiments have also been made to determine these forces.
Since 1970, numerical methods which have been developed with a computer programme have been used (de Weck, Yong). Research works have been conducted by the Finite Element Method (FEM), related to the determination of stress in the periodontal ligament (PDL) and displacement of teeth under orthodontic force (Norman, et al, 2010. pp. 98-108) , (Chang, et al, 2004, pp. 339-45) , (Kojimaa, Fukuib, 2010) , (Qian, Fan, Liu & Zhang, 2008, pp. 48-52) , (Field, et al, 2009, pp. 174-181) .
In the literature has so far worked by using force measurement directly on the teeth by the Finite Element Method under orthodontic force. The Table below shows the articles that have been published on this subject in various scientific journals.
The force measurement of teeth began with the introduction of dental braces. In the beginning, measured procedures were more simple and imprecise. In recent years, the numbers of experimental devices that measure the forces and torques in three dimensions have grown. Various experimental procedures were published in different journals (Fuck, et al, 2007, pp. 363-376) , (Lapatki, Paul, 2009, 377-396) , (Hisham, et al, 2009, pp. 518-528) , (Milczewski, et al, 2007) , (Sifakakis, et al, 2009, pp. 305-11) , (Fuck, Drescher, 2010, pp. 6-18) , (Lapatki, et al, 2007, pp. 73-78) .
Examples of forces measurement with the experiment

Example 1:
Lars-Michael Fuck, Dirk Wiechmann and Dieter Drescher were involved in measuring the forces and torque applied to the teeth. In the study they researched the forces and torques created by using a new lingual bracket (Fig. 5 ) through the phase of the orthodontic treatment. This dental brace was compared with a labial straight-wire appliance. The samples within the mouth were scanned in 10 patients and, with the method of "rapid prototyping-a", they made models of their teeth. Then they measured the initial forces and moments with a robotic measuring device (see Fig. 6 ). The measurements were performed at a temperature of 37°C (Fuck, et al, 2007, pp. 363-376) . (Sifakakis, et al, 2009 , pp. 305-11) Slika 6 -(a) Robotički merni sistem (b) postavljena i povezana merna proteza (Sifakakis, et al, 2009, str. 305-11) Forces and moments were analyzed in all models included in all teeth measured. The forces and torques were then presented as the length of the corresponding vector. The statistical analysis of the average force of all ten casts revealed no significant differences between lingual and labial brackets in connection with the forces, while the moments were different.
Example 2:
Bernd G. Lapatki and Oliver Paul researched by using force measurements and moments through the sensor (see Figs. 7, 8) . The feasibility of this accession was demonstrated using the Finite Element Method (FEM).The sensor was of a very small size so that it could be integrated into the bracket (Fig. 9) (Lapatki, Paul, 2009, 377-396) . The micrograph in Fig. 7 is applicable to manufacture true-scale smart brackets. The actual sensor element (rightwards) measures only the area of 50×50 μm 2 . The eight contacts permit current flow in different directions ("spinning-current method"), (Hisham, et al, 2009, pp. 518-528) .
Figure 8 -Miniaturized sensor system was connected: (a) electrically using flip-chip bonding, (b) true-scale smart bracket with the adhesively-attached slot, the inserted wire and the mounting pin (Hisham, et al, 2009, pp. 518-528) . Slika 8 -Minijaturni senzorski system je povezan (a) električnim putem pomoću flip-chip veze (b) pametni breket stvarne veličine sa zalepljenim slotom, umetnutom žicom i nosećom iglom (Hisham, et al, 2009, pp. 518-528) .
Figure 9 -Installation of the sensor chip in the bracket (Scheid, Weiss, 2012) Slika 9 -Instaliranje senzorskog čipa u breketu (Scheid, Weiss, 2012) Example 3:
The latest, more high-profile research, discussed in articles, has been undertaken by Hisman M. Badawi and his co-workers (Hisham, et al, 2009, pp. 518-528) . In their study, they measured forces and torques using nanosensors. The experiment is shown in Figs. 10 and 11 (Hisham, et al, 2009, pp. 518-528) . 
Numerical method solution for the determination of the orthodontic forces
Numerical methods have been used to define the force caused on the teeth by different types of super-elasticity NiTi wires attached to the front surface of teeth at various angles. In doing so, we hope to establish what stress the wire causes on the periodontal ligament. With respect to permissible stress in the ligament, we will define the characteristics of the super-elastic wire. On the basis of the results and properties, we will give guidance and a directive for selecting the optimal wire.
In order to confirm the numerical model successfully, we will experiment "in vitro" with the most realistic conditions, using wires and brackets. In this way, we will try to verify the obtained results with a numerical simulation. We will do simplified 3D models of the orthodontic wire, the bracket, teeth and tissues with the CATIA software. The software tool for the numerical simulation of ABAQUS will define all load properties and also a stress calculation, from which we can then calculate the force. The obtained results have been analyzed.
The information on the forces and torque generated by the action of the teeth wire in dental braces is important for the dentist -orthodontics and especially for patients who use this device. In this way, orthodontists obtain information about the wires placed in the mouth to assure sufficient force on the tooth, to align the teeth more rationally, quickly and painlessly for the patient who wears the dental braces. Nevertheless, the studies which determine what should be a force on the teeth so that there is no pain for patients and that treatment does not last too long, are already known.
Based on clinical studies, we assume that we can identify the most optimal force caused by wire. From the knowledge of these forces, a wire that will have specific super-elastic properties can be chosen. This is influenced by an appropriate chemical composition (the content of Ni and Ti) and the geometry of wires (cross section). The presented problems are difficult, because people have different properties of the tissue in the mouth (they change even locally) or the state of the periodontal ligament, which is important in moving the teeth to the proper position.
The orthodontic 3D model for this study was built using CATIA V5 software. A 3D model of a crowded central incisor, lateral incisor and canine in the upper dental arch simulated real malocclusion. A fixed orthodontic appliance was used to simulate the orthodontic treatment in a case with moderate crowding. Metal brackets were bonded to the teeth and wire inserted into the slots. Data for tooth dimensions were taken from the literature (Scheid, Weiss, 2012) . The teeth crowns in the model had the following heights and mesio-distal widths, respectively: 11.2 mm and 8.6 mm for the central incisor, 9.8 mm and 6.6 mm for the lateral incisor and 10.6 mm and 7.6 mm for the canine. The root lengths were: 13 mm for the central incisor, 13.4 mm for the lateral incisor and 16.5 mm for the canine. The position of the teeth in the model resembled moderate crowding in the upper dental arch. The lateral incisor was moved 4 mm lingual and 3 mm gingival from its normal position in the dental arch in order to present moderate crowding. A 3D model of the upper frontal teeth was obtained, with the periodontal ligament modelled for the length of the whole root (0.25 mm in width) (Fig. 12) . A supportive bone was modelled in a 2 mm thick layer, with the underlying cortical bone. The orthodontic NiTi wire was inserted into the bracket slot of each tooth in the model. For the wire model, a diameter of 0.012"(0.305 mm) was taken into consideration. The 3D model was based on the thesis that all materials are isotropic materials, which means that there are two independent material constants. In order to simplify the model, materials were considered to be homogeneous, meaning that linear and elastic material behaviour included two constants: Young's modulus and a Poisson ratio. The values of Young's modulus and Poisson ratio for the alveolar bone, periodontal ligament, tooth and bracket were taken from literature (Table I) (Todorović, et al, 2010, pp. 41-47) . In the numerical analysis that was performed, three different NiTi orthodontic wires with various modulus of elasticity (Table II) were used. The purpose of the analysis was to determine the initial force when the wire was inserted into the slot of the brackets and ligated. Although the behaviour of NiTi wires in terms of superelasticity is complex, we simplified the material properties, and the modulus of austenite for numerical analysis was taken (Auricchio, Taylor, 1997, pp. 175-194) , (Šestak, Černy, Pokluda, 2009 ). The NiTi orthodontic wires at a given stress have martensitic structure which transforms during treatment back to austenite. The data for the austenite modulus for various wires are presented in Table II (Proffit, 2007, pp. 359-394) . In all three wires the Poisson number was 0.3 (Proffit, 2007, pp. 359-394) . The brackets and wire were meshed by hexagonal finite elements (Fig.  13) . In a real orthodontic treatment, especially in the levelling stage, it is desirable for the wire to slide through the slot of the bracket as freely as possible having the least friction (Proffit, 2007, pp. 359-394) . In order to choose an orthodontic wire wisely, it is important to know the friction properties between the wire and the bracket. The information about these properties in the literature has not been consistent. It is very difficult to determine accurately the friction characteristics between the wire and the bracket, because the contact conditions between them vary widely. For the friction coefficient between the wire (NiTi) and the bracket (stainless steel) a value of 0.3 (Noda, et al, 1993, pp. 154-160) was taken from the literature. The boundary conditions for load were taken from the surface stress in the wire.
By using the ABAQUS software for numerical simulation, a model with three different orthodontic wires was presented. The values of the stress on the bracket, PDL and the lateral incisor itself produced by different types of wires are shown in Figs. 14a, 14b and 14c . It can be seen that by increasing the elastic modulus of the wire, the stresses on the bracket, PDL and tooth became more intense. Fig. 15 shows Von Mises equivalent stresses on the PDL of the lateral incisor. We could see that on the PDL the compressive stresses in the tensile stresses zone are similar to the formatted stresses on the lateral incisor. The maximal equivalent stress after Von Mises on the PDL of the lateral incisor is formatted on the circumference of the PDL by the contact with the tooth crown. Bigger stresses on the mesial side than on the distal side are probably consequences of the smaller distance between the bracket on the lateral incisor and the bracket on the canine. The second reason could be also a stiff contact between the bracket and the wire. Table III shows the average Von Mises equivalent stresses for the separate internal force and the calculated resultant force. The force level was obtained with this simulation. The average Von Mises equivalent stresses were calculated using the values on the cut plane of the bracket. The Finite Element Method (FEM) is a powerful tool for the analysis of complex structures, but the outcome is dependent on the formulation of the problem (Toms, Eberhardt, 2003, pp. 657-65) . The acting forces in the beginning stage of orthodontic treatment in the case with moderate crowding were presented using the FEM. This was an attempt to quantify and evaluate the effects of orthodontic loads applied to the bracket and teeth in order to achieve initial tooth movement. With the intention of simplifying the procedure, the moment of force was not taken into account. The emphasis was put on the level of force produced by the NiTi wire. It was determined that, by the smallest elastic modulus of 50,000 MPa, the calculated force on the lateral incisor was approximately 0.37N. A bigger force was produced by the wires with a higher value of elastic modulus. The force level was smaller than it is supposed to be optimal for orthodontic tooth movement (0.09-0.98 N).
Conclusions
In the past, numerous studies have been carried out to determine the actual level of force applied to the teeth, in which the initial force caused by orthodontic wires was measured by means of load cells on specially constructed models.
In the present study, the level of the orthodontic forces caused by the the initial NiTi wire was determined using the Finite Element Method (FEM). For the simulation we used commercially available software for numerical simulation by FEM -Abaqus. The numerical model with boundary conditions similar to those in the mouth was constructed. Much emphasis was placed on the choice of material parameters and biological segment in the numerical model.
Material parameters such as an elastic module and Poisson's ratio for the bone and teeth were available. The determination of the material parameters of the periodontal ligament was difficult due to the small space of the ligament that surrounds the tooth. In the present 3D computer model simulating the force system in a simple orthodontic case, we presented the stresses on the periodontal ligament. The results of simulation showed that complex stresses were created due to various components of the forces applied to the tooth. The calculation of individual and resultant forces was done at the same time taking into consideration two components of the force applied to the brackets on the tooth: normal and tangential. The results indicated that the calculated force is in the range of predicted optimal force for orthodontic tooth movement.
In this paper, a numerical simulation of a complex biological system with applied orthodontic forces was shown. Although the numerical simulation required substantial simplification of a real life situation, the results are clinically relevant. The future of the numerical model lies in the ability to introduce more relevant parameters into the successful simulation of more complex orthodontic problems.
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